Yellow fever (YF) is arguably one of the most notorious infectious diseases in the world. The disease is not only fatal to the human but also several primate species many of which are endangered by now. YF is caused by the yellow fever virus (YFV). While YFV was one of the most feared infectious diseases in the 18th and 19th century, the overall disease burden has been greatly reduced through an effective vector (mosquito) control and the development of the live-attenuated vaccine, YFV-17D. However, recent outbreaks in previously non-endemic areas have risen intense awareness among scientists and the public and remind us that YFV cannot be forgotten and containing it needs to remain a global health priority. Notably, the 11 imported yellow fever cases to China; hence the whole Asia-Pacific region, in 2016 alone, highlight that YFV may pose a threat to a large population which is intensified by increasing human migration and an extremely low vaccination rate. This paper assesses the possibility of a new round of epidemics of YFV, indicating that the virus should indeed be recognized as a re-emerging threat, and offers suggestions on how to prevent it. Stricter vaccine regulation and border check should be applied, as well as further research into alternative vaccines. More attention and efforts should be paid to fighting against the disease.
ing of the E protein needs the aid of PrM [12] . As the virus particles mature, the PrM is cleaved into Pr and M by host protease furin, which leads to the rearrangement of the E protein [11] [13] . The virions are then transported to the Golgi apparatus and are ready to be released.
Transmission
Yellow fever is an acute infection caused by YFV and transmitted by mosquitoes [14] [15] . The disease is endemic mainly in tropical regions of central and South America and Africa, with periodic natural infection cycles between mosquitoes and non-human primates. Yellow fever is a zoonotic disease of humans and animals [16] . YFV is also circulating in wild monkey species, e.g. in the tropical jungles of Africa and South America, which are bitten by A. aegypti and then transmitted to other monkeys. When humans enter these jungles, they are likely to become infected. This is a common form known as the sylvatic cycle. People who have been infected with YFV can also be a source of infection, as they transmit the virus to others through the bite of A. aegypti that occupy urban areas. A. aegypti mosquitoes can survive on airplanes and ships as well [17] . This is known as the urban cycle.
Prevalence
Since the turn of the 20th century, yellow fever has been endemic mainly in tropical regions of Africa and Latin America (i.e., Mexico and South America), where more than 900 million people are threatened by yellow fever. The WHO statistics estimate that 200,000 people are infected every year, with 30,000 deaths and 90 percent of which are in Africa. According to data from WHO, yellow fever is endemic in 47 countries, including 34 in Africa and 13 in central and South America ( Figure 1 and Figure 2 ). In 2015, the WHO recognized the risk of yellow fever epidemics in 39 countries or regions, and requested travelers to be vaccinated against yellow fever in those countries [15] .
On 26 January 2016, Angola reported an outbreak of yellow fever through IHR, according to a WHO report dated February 12th, 2016. The first case was detected on 5 December 2015 in the region of Viana, Luanda. A total of 2148 suspected yellow fever cases have been reported in Angola, including 641 laboratory confirmed cases and 277 deaths. The WHO called the outbreak a "serious public health event". Other affected areas include Cabinda, South Kwanza, Huambo, Ulaya and Uige [15] (Figure 3) .
YFV is not endemic to (South) East Asia in general and China specifically and the current cases of yellow fever have all been imported. The patients entered the country after becoming ill in the endemic areas. Yellow fever imported cases have been found in Beijing, Fujian and Shanghai [18] .
Symptoms, Diagnosis, and Available Treatment of YFV
Even though YFV could result in severe physiological responses, the disease symptoms are not immediately observable until an incubation period has passed.
The incubation period between an infection and initial symptoms is usually three to six days, then following with one or two phases of illness [19] . Most people infected with YFV first go through an acute phase with relatively mild symptoms, including fever, headache, chills, back pain, fatigue, loss of appetite, muscle pain, nausea, and vomiting, which lasts for roughly three to four days.
Majority of infected people usually recovers after the brief acute phase, yet still 15% could enter a second, toxic phase, which is characterized by much more severe pain and damage to human body. Such illness could be observed through decreased urination, abdominal pain, vomiting (sometimes with blood), heart rhythm problems, seizures, delirium, and bleeding from mouth, nose, and eyes.
Infectors who enter this phase would face a fatality rate of 50% to above [20] .
The diagnosis of yellow fever is usually based on the travel history and laboratory testing besides the physical symptoms displayed. Especially because of the similarity between yellow fever's initial symptoms and those of other influenza There is currently no medical cure for yellow fever, whereas the possible treatments are basically focusing on ameliorating disease symptoms, including resting, applying fluids, and using pain relievers. Certain medications should be avoided, such as aspirin or other nonsteroidal anti-inflammatory drugs, which may increase the risk of bleeding. Severely infected patients should be hospitalized for supportive observations and prevention from further spread of the virus, especially in a non-epidemic area [22] .
Vaccination
Although the lack of viable treatment for the yellow fever makes the disease more life-threatening, there is currently a live-attenuated 17D vaccine for yellow fever the WHO recommends as a precaution, including two substrains 17D-204
and 17DD [23] . The yellow fever vaccine is demonstrated to be safe with more than 500 million doses given and extremely few cases of vaccine-induced illnesses. Possible mild side effects resulting from the vaccine include headache, muscle pains, pain at the injection site, fever, and rash [24] . The frequencies of adverse events following immunization (AEFI), when the vaccine strain spreads to infection of the liver, the kidneys or the nervous system, are as low as 0 to 0.21 cases every 10,000 doses in yellow-fever-endemic regions, and from 0.09 to 0.4 cases per 10,000 doses in populations who are not exposed to the virus constantly [25] . More specifically, there would be cases of severe allergies in approximately eight per million doses, severe neurological problems in roughly four per million doses, and grave organ failure problems in three per million doses [24] .
In addition, the YFV vaccine is proven to be one of the most effective vaccines ever created. Once vaccinated, people are most likely to develop immunity within ten days and then safeguarded from the virus in more than 99% of the cases [24] . The protection is lifelong, without the need of a booster ten years after the first dose [26] . There is also currently no record of the vaccine particularly disfavoring certain ethnic groups. With high efficacy and low side effects rate, the yellow fever vaccine is listed on the WHO's List of Essential Medicines, demonstrating its own reliability [27] . Thus, it is recommended that people from age nine months or older and who plan to travel to or currently reside in risky areas for yellow fever virus in Africa and South America receive vaccination
[28]. Wide-spread distribution of the vaccine is crucial to the inhibition of the outbreak, and ultimately beneficial by building up herd immunity, the specific threshold of the proportion of immune individuals in a given population that will lead to the decline or elimination of the incidence of the disease [29] . Ac-Health cording to WHO, a minimum of 80% of vaccine coverage in a certain population is required to prevent further outbreaks and possibly reach the threshold for herd immunity [30] . Studies have shown that current vaccine coverage differs greatly from one risk zone to another, ranging from 100% in parts of Brazil, to 0% in parts of Central and East Africa [31] . Coverage was recently increased in
West and Central Africa due to large preventive campaigns, thanks to the support of the Yellow Fever Initiative. Regardless, reports still indicate an overall low coverage in most of the risk zones, especially large areas of central and east
Africa and parts of Nigeria along with other countries. In South America, low coverage was also noted [31] . With such data, researchers are able to calculate the number of people susceptible to the disease and in need of vaccination to reach herd immunity. Moreover, it was shown that introducing or communicating the concept of herd immunity improved willingness to vaccinate, therefore it would be reasonable to conclude that the prevention measure will be best carried out by large preventive campaigns on vaccination, especially for newborns, and the promotion of herd immunity [32] .
Summary
In this paper, we look into the impact of climate change and human migration on YFV transmission, YFV's influence on endangered primate species, as well as the safety and regulation of the current vaccines and quarantine policies. The goal of this paper is to review and evaluate these aspects to demonstrate the potential of a re-emerging YFV threat and feasible means of prevention. By conducting researches on these relevant aspects, we conclude that there will probably be minor possibilities of deadly YF outbreak in the future. Yet the incomplete border quarantine system and vaccination regulations for travelers are ineligible hidden dangers for cross-continental spread of YFV, especially under the large-scale population migration between Africa and Asia. While the development of life attenuated 17D vaccine is providing future protection against YF epidemics, its side effects and inviability in certain groups of population remain unstable to be widely applied. Hence, further vaccine development, regulation improvements, as well as proper control of vectors and effective coverage of vaccine are necessary to eliminate the threat of YFV in the future.
Research

YFV in Asia: A Rising Threat?
Climate and human migration are both important contributing factors for YFV proliferation and transmission. Originating from Africa, YFV was able to colonize other parts of the world via large scale human migrations. In the 1600s, the virus was spread into America through slave trade, and had caused several catastrophic events ever since. The vector responsible for the viral transmission, A. aegypti, is a species of mosquito that distributes widely among tropical areas of almost all continents [4] [33] . As an ectotherm, the internal temperature of A. Health aegypti is linked to the ambient temperature. Therefore, its life cycle and viral replication in the mosquito carrier is largely dependent on local temperature and rainfall [34] . Some coastal areas in Asia share similar climate features with yellow fever outbreak areas. For instance, Angola and Guangdong Province in China have the same annual average temperature of around 22˚C, and roughly the same annual precipitation of around 15,000 milimeter [35] . With favorable climate conditions and relatively high vegetation coverage, many countries and regions in South Asia are considered as ideal habitats for A. aegypti, hence the possible location for yellow fever epidemics. (Figure 4 ) The situation can be worse in these developing Asian countries without a well-established medical and hygienic system. It has been long disputed why China, or the whole Asia-Pacific region, has never actually suffered from this disease, despite its seemingly perfect endemic condition. Several hypotheses have been proposed to address this problem. Researchers suggested the possibility of cross-protection, which is known as the Asian hypothesis. Flavivirus, like the dengue virus and Japanese encephalitis virus, which have been endemic in Asia for a long period of time, may have induced some immunity against YFV on those who had been previously infected with these viruses [4] [36] . Also, the scale of historical slave trade between Africa and Asia was quite small and was therefore unable to induce epidemics [37] .
When taken into account of the fact that East Africa strain of A. aegypti is a less Figure 4 . Probability of Occurrence of the Aedes aegypti mosquito under current environmental and land cover conditions [62] . favorable host for YFV and that it may be less adapted to human environment, mosquitos are thought to inhabit Asia much later than America [38] .
However, as airline travels increase the flow of population between continents nowadays, the probability of viral transmission to Asia should be given more priority. As many as 45.2 million international air travelers departed from YFV endemic areas of the world in 2016, contributing to international transmission of YFV [39] . Furthermore, global warming and agricultural development may hasten the decline of sylvatic habitats for A. aegypti, increasing the potential contact between sylvatic and urban cycles and could directly introduce the virus into human population [40] . Our discussion is based mainly on the situation of China, which we believe would serve as an crucial implication for the future of the Asia-Pacific region.
Yellow Fever in China
In the March of 2016, 11 Chinese patients were diagnosed with yellow fever after returning home from their work in Angola, representing the very first cases of YFV transmission into Asia. This alarming situation revealed the possibility of imported yellow fever epidemics in Asia-Pacific region, indicating that stricter regulations should be carried out in order to ensure public health.
China has been largely invested in African countries since the mid-20th century. China and Africa have been cooperating intensively, resulting in a rapid development of tourism industry and an increasing exchange of workforce, both of which contribute greatly to the population movement. The number of Chinese travelers to African countries is increasing at a rate of 50% each year, including also travel to yellow fever endemic areas, such as Kenya [10] . Holding the biggest population within regions favoring the transmission of YFV, it is suggested that the possibility of virus transmission should not be neglected. According to a recent research based on global travelling data, China received approximately 720,000 visitors from yellow fever endemic areas in 2016 alone, it became one of the biggest populations within regions favoring the transmission of YFV [8] . Furthermore, the number of Chinese migrant workers in Africa is also ineligible. According to Johns Hopkins University SAIS China-Africa Research Initiative, the total number of Chinese labors reached 227,400 by the end of 2016, while the Algeria and Angola occupy the vast majority, holding 91,000 and 29,000 people, respectively [11] . Among these Chinese-African workers, over 105,000 of which stayed in endemic areas, as defined by WHO yellow fever risk analysis [12] (Figure 5 ). Suchlarge number of migrant populations yields unquestionable possibilities of the spread of YFV via international flights. The 11 cases of infected Chinese migrant workers in Africa are the direct result of human migration activities between endemic and unaffected areas; this also indicates the potential of yellow fever epidemic in Asia. The transmission of YFV in Asia needs to be eliminated through the process of vaccination and clinical treatments due to a favorable environmental condition the large quantity of suitable vectors. The number of reported yellow fever cases could be sufficient among the total Chinese migrant workers in endemic areas with a ratio of 11 to 105,000. While only 15% of the yellow fever cases showed clinical symptoms [41] , at least 73
Chinese workers were infected [42] , yielding an infection rate of 0.070%. Therefore, it could be reasonably suspected that vaccination rate has not reached herd immunity among these workers. Hence, though specific data could not be ob- 
YFV's Impact on Endangered Primate Species
When yellow fever outbreak takes place, the local primate species, especially the Howler monkeys, are more susceptible to being infected. Among these howlers, the Brown Howlers are being infected at a higher frequency [47] . The Brown
Howlers live in the Atlantic rainforests, ranging from Bahia and Espirito Santo states, Brazil, to Rio Grande do Sul and Misiones, Argentina [48] .
It was estimated that there are only over 11,000 individual howler monkeys left in the world, and 10,200 of them are unprotected [49] . Howler monkeys are mostly needed to be conserved, but the number is still decreasing for that their natural habitat is being reduced and fragmented. Research indicates that howler monkeys currently present a very scattered distribution and have been severely decimated by the recent yellow fever epidemics [50] .
The high YFV fatality among monkeys is a clear indicator for the spread of the disease [51] . According to a study conducted since the 1950s, the mortality rate for an infected howler monkey is much higher than that in humans with a staggering amount as high as 90% [52] . Many outbreaks have occurred in the past, resulting in deaths of howler monkeys. In Misiones, Argentina, 59 howlers were found dead from 2007 to 2008 [47] . In 2016, the outbreak killed 80% to 90% of the brown howler monkeys [53] . The most serious catastrophe recorded occurred in 2017 in the Atlantic rainforests of Brazil, with up to 600 deaths [54] .
In the first month of 2018, 238 monkeys were found dead in Rio state, 31% of which were killed by YFV [55] . As a result, the outbreak brought attention to international organizations, governments, and even citizens all over the world.
Though vaccination has been recommended since 2017 for all Brazilians due to the previous occurrence of yellow fever outbreaks, howler monkeys are still being decimated by local communities [56] . Therefore, local actions are necessary for the conservation of the howler monkeys.
Rural inhabitants had the false belief that monkeys are the villain of YFV transmission rather than mosquitos. Instead of the massacre of monkeys, vaccination should be made readily available to them to prevent further spreading of the disease [47] . Scientists have been devoting themselves to find YFV treatments not only for human patients but also for the howler monkeys. During the Brazilian outbreak, 5300 deaths of howler monkeys have been recorded. Great efforts were made by the scientists in investigating the situation and clarifying the misunderstandings of local residents [58] . If more efficient equipment and vaccines can be produced to vaccinate the monkeys, the howler monkeys may be better protected.
Global Vaccination
Among the preventive measures, vaccination is the most direct and effective one, as it is essential for the formation of herd immunity in a population and subsequently the prevention for future outbreaks of yellow fever. Currently, according to WHO, there is a low vaccination plan covering the endemic African countries including Ivory Coast, Guinea, Liberia and Kenya, with rates ranging from 20% to 60%, none of which reaches the optimal coverage [29] .
The low coverage rate remains an indirect cause for large scales of outbreaks in those areas, and it is crucial to provide more vaccine doses to the populations in endemic regions and enhance the regulations of immunization procedures, especially for newborns in these areas. It is illustrated that in order to reach herd immunity, a vaccine coverage rate of over 80% is required, with a security threshold of between 60% and 80% [29] . In addition, studies have shown that it would take approximately 30 years after vaccination to likely reach herd immunity and prevent large scale outbreaks. Therefore, several vaccination strategies need to be implemented simultaneously to boost the efficiency and to shorten the time expected. WHO recommends a combination of routine childhood immunization and preventive mass vaccination campaign (PMVCs), along with catch-up campaigns to maximize the population covered by vaccination.
Fortunately, due to ongoing PMVCs in regions such as Ivory Coast, Guinea, the vaccinated population immunity in endemic areas has increased notably.
Nevertheless, in countries without PMVCs, including Nigeria, Kenya, the Democratic Republic of Congo, Niger and several others, YFV immunity within their respective populations remains very low [29] , which indicates that on top of reaching herd immunity, other approaches should also be taken to improve the current status quo. Furthermore, by prioritizing vaccinations in high risk countries with low coverages, future outbreaks can be better contained and alleviated.
Although vaccination has been the primary concern, it is indispensable to pay attention to other prevention measures to inhibit the spread of YFV, including yellow fever disease surveillance and vector control, particularly the A. aegypti mosquitoes. The disease would be optimally controlled by several different approaches.
Meanwhile, due to marked increase of YF vaccine-associated adverse events, scientists are striving to look for alternative vaccines for YF with higher safety levels and scalability. Despite an overall low rate of incidence, severe adverse Health events resulting from yellow fever vaccination can be a variety of allergic, neurological and organ failure problems, all of which could be lethal. Recent studies have uncovered promising candidates as alternative vaccines for YFV.
A group of researchers discovered the viability of a chimera of Japanese encephalitis virus (JEV) vaccine and YFV vaccine by using the live attenuated JEV SA14-14-2 strain as a backbone and replacing the pre-membrane (prM) and envelope (E) genes with the ones from the YFV 17D vaccine [59] . It is shown that the novel chimera exhibits a lower growth rate and smaller plaque morphology, and more importantly, proves to be much less neurovirulent than the current 17D vaccine, which occasionally induces severe damage to the host.
However, the nature of this chimera as a live attenuated vaccine makes it less suitable for mass production as it has to go through cell culture. Furthermore, clinical studies are required to compare the efficacy of the current 17D with the JEV/YFV chimeric vaccine.
Besides, a much safer inactivated form of YFV has recently been investigated and tested by scientists. By using a chemically inactivated YFV-17D as an antigen with an alum adjuvant, named the XRX-001 vaccine, test subjects successfully generated immune responses and produced neutralizing antibodies for the YFV [60] . The inactivated form of the vaccine would be optimal for eliminating possible side effects induced by the live attenuated vaccine. However, the scalability of this promising alternative choice needs to be further investigated.
Discussion and Conclusions
As yellow fever has been epidemic in African and South American regions, it is crucial to consider its probability of re-emergence, especially in Asia, consider- alone. This more recent trends raise the concern that YFV could be spread to the Asia-Pacific region, which has been considered to be non-endemic. Stricter law enforcement on vaccination for travelers and workers is needed, whereas fake vaccination certificates and border check should be surveilled.
YFV is also infecting the primate species, e.g. howler monkeys, as people are also mistakenly viewing the infected monkeys as disease vectors rather than mosquitoes. Necessary means of quarantines need to be taken in order to prevent the spread of pathogen, and affected individuals' need accordingly. Vaccinations for endangered primates are still being developed by scientists in order to prevent further infection.
As large preventive vaccination campaigns progress, we would certainly expect fewer, and weaker YF outbreaks in the future. The live attenuated 17D vac-
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cine generally induces successful immune response in most of the vaccines and offers lifelong protection; yet we cannot ignore its reported severe side effects among an extremely small proportion of the population and the unviability of injection to those who are intolerant to certain egg proteins, etc. Thus, we are also looking forward to replacing the 17D vaccine with a more or equally effective and more significantly, safer and more accessible YF vaccine. This is the goal that we strive to accomplish in the near future. At the same time, it is imperative to understand that due to the high pathogenicity of YFV and the high mortality rate the disease can induce; it is likely not sufficient to fully control the epidemic solely by vaccination. Other prevention measures also play a crucial role in avoiding future outbreaks, including vector control and possibly the vaccination for primate species, which needs to be further investigated and verified. After all, it requires global effort to truly combat the disease and it will definitely take a long time to probably eliminate the threat of YFV to mankind. We must step by step explore ways to better deal with different scenarios across the globe and eventually overcome it.
